ϩ channels in ion transport mechanisms and cell swelling. In the whole cell patch-clamp configuration, K ϩ currents were produced by exposing cells to a hypotonic solution or to 1 M ionomycin. These K ϩ currents were inhibited by the addition of quinidine and charybdotoxin to the bath solution. Isotopic efflux measurements were performed on cells grown on permeable supports using 86 Rb ϩ as a tracer to indicate potassium movements. Apical and basolateral membrane 86 Rb effluxes were stimulated by the exposure of cells to a hypotonic medium. During the hypotonic shock, the stimulation of 86 Rb efflux on the apical side of the monolayer was inhibited by 500 M quinidine or 100 M gadolinium but was insensitive to scorpion venom [Leirus quinquestriatus hebraeus (LQH)]. An increased 86 Rb efflux across the basolateral membrane was also reduced by the addition of quinidine and LQH venom but was not modified by gadolinium. Moreover, basolateral and apical membrane 86 Rb effluxes were not modified by bumetanide or thapsigargin. There is convincing evidence for two different populations of K ϩ channels activated by hypotonic shock. These populations can be separated according to their cellular localization (apical or basolateral membrane) and as a function of their kinetic behavior and pharmacology. whole cell; patch clamp; K ϩ and Cl Ϫ ion fluxes; gill epithelium THE FISH GILL CONTAINS EPITHELIAL cells that are in direct contact with the external environment. These cells are the primary site for osmoregulation. Moreover, the role of the gill epithelium in maintaining ionic homeostasis is evidently enhanced in euryhaline fish, as they have the capacity to support drastic changes in water salinity. As is the case for many euryhaline species, the sea bass Dicentrarchus labrax can survive in an estuarine environment where it can be subjected to physiologically severe alterations in osmotic pressure. After
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ϩ as a tracer to indicate potassium movements. Apical and basolateral membrane 86 Rb effluxes were stimulated by the exposure of cells to a hypotonic medium. During the hypotonic shock, the stimulation of 86 Rb efflux on the apical side of the monolayer was inhibited by 500 M quinidine or 100 M gadolinium but was insensitive to scorpion venom [Leirus quinquestriatus hebraeus (LQH) ]. An increased 86 Rb efflux across the basolateral membrane was also reduced by the addition of quinidine and LQH venom but was not modified by gadolinium. Moreover, basolateral and apical membrane 86 Rb effluxes were not modified by bumetanide or thapsigargin. There is convincing evidence for two different populations of K ϩ channels activated by hypotonic shock. These populations can be separated according to their cellular localization (apical or basolateral membrane) and as a function of their kinetic behavior and pharmacology. whole cell; patch clamp; K ϩ and Cl Ϫ ion fluxes; gill epithelium THE FISH GILL CONTAINS EPITHELIAL cells that are in direct contact with the external environment. These cells are the primary site for osmoregulation. Moreover, the role of the gill epithelium in maintaining ionic homeostasis is evidently enhanced in euryhaline fish, as they have the capacity to support drastic changes in water salinity. As is the case for many euryhaline species, the sea bass Dicentrarchus labrax can survive in an estuarine environment where it can be subjected to physiologically severe alterations in osmotic pressure. After these osmotic changes, the different types of gill cells must react rapidly to compensate for ionic imbalances. However, the cell mechanisms underlying such compensations remain largely unknown.
Of the various effectors involved in the osmotic regulation of epithelia, ion channels have undergone extensive investigation. Nevertheless, the situation in relation to osmoregulation in gill tissue has not been elucidated. This is probably due to the anatomic complexity of the tissue, which limits access to the various cell types present in vivo. To overcome this problem, cultured branchial cells represent an interesting alternative. Using primary cultures of respiratory cells from the gill of the sea bass, we previously described the existence of Cl Ϫ and K ϩ channels on the apical membrane (9, 10) . The characteristics of these channels indicate that they could participate in cell volume regulation. Notably, we found a large conductance stretch-activated K ϩ channel regulated by both mechanical pressure and changes in osmotic gradients (9) . In many animal cells, cell volume regulation after exposure to a hypotonic shock has been achieved by the activation of conductive pathways for K ϩ and Cl Ϫ (16, 19, 26, 31) , and stretch-activated channels have been implicated in such regulation (32) .
The aim of the present study, therefore, was to evaluate the role of potassium conductances on exposure of cultured gill cells to a hypotonic shock. For this purpose we undertook whole cell patch-clamp experiments together with 86 
ϩ efflux measurement on gill cells in primary culture. The simple geometry and the free access to the apical and basolateral membranes provide experimental conditions suited for efflux measurements. We describe two different pathways for 86 Rb ϩ effluxes activated during cell swelling. One of these pathways is located on the apical membrane and could correspond to the presence of a stretch-activated K ϩ channel. The other pathway is restricted to the basolateral membrane and could be a Ca 2ϩ -sensitive maxi K ϩ channel. With 125 I Ϫ efflux measurements, a basolateral Cl Ϫ conductance was also found to be activated during the exposure of cells to a hypotonic solution. It is therefore possible that the observed K ϩ and Cl currents could be implicated in the rapid osmoregulation mechanisms that have been identified in fish after abrupt changes in seawater salinity.
MATERIAL AND METHODS

Animals
Sea bass (Dicentrarchus labrax) of average weight (44.2 Ϯ 9.9 g; n ϭ 4 for whole cell experiments and n ϭ 15 for 86 Rb ϩ and 125 I Ϫ efflux measurements) were obtained from a local fish farm (Cannes Aquaculture, Cannes, France). The fish were kept at ambient temperature (16-17°C over the course of the year) and under a natural photoperiod in 1-m 3 tanks. The tanks were set up in a semi-open circuit configuration (tank water completely renewed every 6 h) and filled with seawater from the Mediterranean Sea (36 g/l salinity). The fish were fed daily with Aqualim pellets in quantities corresponding to 2.5% of their body weight.
Primary Cell Culture
Two different primary culture techniques were used (2, 3). The dissection and washing procedures of the gill tissue to obtain filaments have been already presented in the companion paper (9) . Subsequent steps were then carried out according to two different culture techniques.
The explant technique for whole cell patch-clamp experiments has been described in the companion manuscript (9) .
The dissociation technique for 86 Rb ϩ and 125 I Ϫ efflux measurements was performed as follows: the gill arches were trypsinized twice at room temperature [2 ϫ 15 min in 0.05% trypsin and 0.02% EDTA solution (Sigma)]. Cell suspensions were filtered, rinsed, and finally seeded in Costar-Transwell 0.45-m pore inserts (25 mm diameter, Costar) at a high density as previously described (3) .
Explants and inserts were maintained in a precision-controlled low-temperature incubator (Jouan) at 17°C in a humidified air atmosphere (i.e., atmospheric PCO 2 ). The culture medium was changed every second day.
Whole Cell Patch-Clamp Experiments
Before patch-clamp experiments, cells from explant cultures were treated with a 0.02% trypsin plus EGTA (0.05%) solution. Whole cell currents were recorded from the apical membranes of 7-to 13-day-old cultured cells. Pipettes made from borosilicate glass (1.5 mm OD, 1.1 mm ID, Clay Adams) were pulled in two steps using a vertical puller (PP-83 Narishige). The pipette resistances ranged from 2 to 3 M⍀. Pipettes were connected via an Ag-AgCl wire to the headstage of an RK 300 patch-clamp amplifier (Biologic). Gigaseals were achieved spontaneously or by applying a slight suction to the patch pipette. After formation of the gigaseal, the membrane was ruptured by additional suction to achieve the conventional whole cell configuration.
Voltage-clamp commands, data acquisition, and data analysis were controlled by a computer equipped with a Digi Data 1200 interface (Axon instruments). Commercially available PCLAMP 6.0 software (Axon instruments) was used to generate whole cell current-voltage (I-V) relationships. For the measurements of potassium currents, cells were held at a holding potential (V h ) of Ϫ40 mV and 400-ms pulses from Ϫ80 to ϩ80 mV were applied in increments of 20 mV every 2 s.
86
Rb ϩ Efflux From Confluent Monolayers
86 Rb ϩ efflux experiments were performed on gill cells grown on permeable filters. Eight-to ten-day-old cells on filters were loaded with 86 Rb ϩ (1-2 Ci/ml) directly introduced in the apical and basolateral L15 medium (supplemented with 20 mM NaCl, pH 7.8) for 4-5 h at room temperature. After the wells were rinsed three times in unlabeled L15 medium, apical and basolateral 86 Rb ϩ effluxes were measured simultaneously. Every 2 min the entire bathing medium, consisting of 2 ml of L15 on the apical side and 2 ml on the basolateral side, was collected and replaced by fresh medium. The cells were then detached from the permeable filters by a Triton X-100 (1%) solution to determine the remaining radioactivity of the epithelium. The 86 Rb ϩ content of samples was determined from the Cerenkov effect using a Packard liquid scintillation counter (Minaxi 400).
Calculation. From back addition of the radioactivity in the efflux samples to the radioactivity remaining in the cells, the apical and basolateral efflux rate constants were calculated as the fraction of the total radioactivity lost per unit of time, according to Le Maout et al. (24) after the equations
where (K a ) t and (K b ) t are the apical and basolateral efflux rate constants at time t and (C a ) t and (C b ) t are the radioactivity lost, respectively, by the apical and basolateral sides of the epithelium at time t and during the period of experimentation T. C ep is the radioactivity remaining in the epithelium at the conclusion of measurements, and tf corresponds to the final time of the experiment. For comparing the different experimental conditions, the results were expressed in percent of the initial value (t ϭ 4 min) of the apical or basolateral efflux rate constant.
I Ϫ Effluxes From Confluent Monolayers
The same protocol and calculation as described above were used for the measurement of 125 I Ϫ efflux: 8-to 10-day-old cells were loaded with 125 I Ϫ (10 Ci/ml) for 4-5 h at room temperature in L15 medium. After rinsing, apical and basolateral 125 I Ϫ effluxes were measured simultaneously. The 125 I Ϫ content of samples was determined using a gamma counter (CG 4000, IN-Intertechnique).
Statistical Comparisons
Data variability is expressed as the SE. A Student's unpaired t-test was used to compare the means of normally distributed variables. A value of P Ͻ 0.05 was chosen as the limit of statistical significance.
Solutions and Chemicals
Primary cultures. All solutions were prepared using tissueculture quality chemicals.
WASHING MEDIUM: Leibovitz L15 medium (GIBCO-BRL) was supplemented with 20 mM NaCl, 0.1 mg/ml fungizone, 200 UI/ml penicillin, 200 mg/ml streptomycin, and 400 mg/ml gentamycin. All antibiotics were supplied by Sigma. The final pH was adjusted to 7.8 with 1 N NaOH.
CULTURE MEDIUM: Leibovitz L15 medium was supplemented with 10% fetal bovine serum (Multiser, Cytosystems), 20 mM NaCl, 100 UI/ml penicillin, 100 mg/ml streptomycin, and 200 mg/ml gentamicin. The final pH was adjusted to 7.8 with 1N NaOH.
Electrophysiological studies. For whole cell patch-clamp experiments, the pipette solution contained in (mM) 140 KCl, 5 HEPES, 5 ATP, and 5 EGTA (pH 7.4 adjusted with KOH 1M). The standard bath solution contained (in mM) 140 Na glutamate, 5 HEPES, and 0.1 CaCl 2 . pH was adjusted to 7.7 with NaOH, and osmolarity to 350 mosmol/kgH 2 O by the addition of 60 mM mannitol. The hypotonic solution was obtained by removing the mannitol from the preceding solution (270-280 mosmol/kgH 2 O). Lyophilized charybdotoxin (Latoxan) was used as an inhibitor of Ca 2ϩ dependent K ϩ channels at a final concentration of 10 Ϫ6 M. Quinidine (Sigma) was obtained in its sulfate salt form and was added at a final concentration of 500 M to the solution. Potassium selectivity was investigated using a solution consisting of (in mM) 140 K-glutamate, 5 HEPES, and 0.1 CaCl 2 , adjusted to pH 7.7 with NaOH, and osmotic pressure to 350 mosmol/ kgH 2 O by addition of 60 mM mannitol. Ionomycin (Sigma) was prepared at 1 mM in DMSO and was added at a final concentration of 1 M to the perfusion solution.
86 Rb ϩ and 125 I Ϫ efflux studies.
86
Rb ϩ in its Cl Ϫ salt form and 125 I Ϫ as an Na ϩ salt were purchased from Amersham. Hypotonic solutions were obtained by 30% dilution of L15 (supplemented with 20 mM NaCl). The quinidine solution was prepared as described above for patch-clamp experiments and added to the final solution. Leirus quinquestriatus hebraeus (LQH) venom (Latoxan, France) was used at 20 g/ml. The gadolinium solution was prepared from a 1 M GdCl 3 stock solution (Sigma) and directly added to the bath solution. A stock solution of 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) from Calbiochem was prepared at 0.1 M in DMSO and used at 0.1 mM in final solutions. Bumetanide and thapsigargin (Sigma) were used at 0.1 M.
RESULTS
Whole Cell Patch-Clamp Experiments
K
ϩ currents induced by a hypotonic shock. To study the effects of changes in osmotic pressure on the development of the K ϩ conductance in primary cultures of seawater fish gill cells, currents were induced by osmotic shock. In these experiments, the pipette solution contained the KCl solution and osmotic pressure was maintained at 290 mosmol/kgH 2 O. To eliminate the participation of anions in the outward current, experiments were carried out after replacing Cl Ϫ in the bath solution by glutamate. After successful gigaseal formation, the whole cell configuration of the patch-clamp technique was obtained in 30% of cases. Figure 1A illustrates a set of current recordings made in a hypertonic bath medium (Na glutamate solution, 350 mosmol/kgH 2 0) with test potentials that ranged from Ϫ80 mV to ϩ80 mV in increments of 20 mV. The voltage step protocol elicited small time-independent currents that changed linearly with the membrane voltage and had a reversal potential (E rev ) of ϩ13 Ϯ 3 mV (n ϭ 9). Because of their small amplitude, the nature of these currents was not analyzed further.
Monolayers were then perfused with 290 mosmol/ kgH 2 O. In Ͼ90% of the cells, an increase in the whole cell current was observed within 1 min (Fig. 1B) . The currents reached a maximum 3 min after the onset of the osmotic shock (Fig. 1, C and D) and remained stable for 5-8 min. Under these conditions, the steadystate currents measured over a duration of 380 ms increased during the depolarizing voltage pulses. The kinetics of the macroscopic currents were clearly time dependent for depolarizing potentials, with a slowly developing current being exhibited. An examination of tail currents from these macroscopic currents shows that channels deactivated slowly after termination of the stimulus pulse. The amplitude of the tail currents increased with depolarization indicating that this current was mainly due to an efflux of K ϩ . The corresponding I-V relationships for steady-state activated currents are given in Fig. 1G . These large currents exhibited a marked outward rectification between Ϫ80 and ϩ40 mV. During the time course of the hypotonic shock, the E rev progressively shifted toward more negative values (1 min after exposure to osmotic shock: E rev ϭ Ϫ19 Ϯ 5 mV, n ϭ 22; 2 min after the shock: E rev ϭ Ϫ53 Ϯ 4 mV, n ϭ 19; 3 min after the shock: E rev ϭ Ϫ57 Ϯ 3 mV, n ϭ 28). This shifting of the E rev indicated that the membrane permeability to K ϩ increased with the duration of the exposure to hypotonic shock. The maximal outward conductance increased significantly during the hypotonic shock (5.7 Ϯ 0.7 nS; P Ͻ 0.001, n ϭ 28) compared with control values (0.79 Ϯ 0.06 nS, n ϭ 46) (Fig. 1G) .
In some experiments, all Na ϩ ions in the bathing medium were replaced by K ϩ ions once the currents had fully developed. The record in Fig. 1F indicates that under these conditions the tail currents disappeared. The I-V curve of Fig. 1G shows that the currents reversed at 2.8 Ϯ 0.4 mV (n ϭ 20) and remained outward rectifying with a maximum slope conductance of 5.8 Ϯ 0.5 nS (n ϭ 3). In all cases, currents decreased within 4 min (but did not reach the control level) when cells were reexposed to the hyperosmotic solution (Fig.  1E) .
To further characterize the conductance induced by hypotonic shock, two K ϩ channel blockers were tested that were added separately to the bath solution. K ϩ currents were recorded in control conditions (Fig. 2, A and E) and under hypotonic shock (Fig. 2, B and E) . Addition of quinidine (0.5 mM) completely inhibited the preactivated swelling-induced conductance, whereas charybdotoxin (1 M) decreased the maximal current by 70% only (Fig. 2, C-E) . K ϩ currents induced by ionomycin. The conductance blockade observed in the presence of charybdotoxin strongly suggested that a part of the conductance induced by hypotonic shock could be due to K ϩ ions being conducted through maxi Ca 2ϩ -activated K ϩ channels ("BK channels"). Therefore, in a second series of experiments, the effects of ionomycin were tested on whole cell currents developed with KCl in the pipette and Na glutamate in the bath solutions. The osmotic pressure of the extracellular solution was adjusted to 350 mosmol/kgH 2 O to avoid inducing volume-activated currents. Figure 3A shows control currents, and Fig.  3B shows currents recorded 1 min after the addition of 1 M ionomycin to the bathing medium. In the pres-ence of the ionophore, the currents increased during depolarizing voltage pulses, with a maximum slope conductance of 5.7 Ϯ 0.9 nS and an E rev of Ϫ65 Ϯ 6 mV (n ϭ 11; Fig. 3E ). The addition of 500 M quinidine or 1 M charybdotoxin to the bath ionomycin solution inhibited the whole cell currents within 2 min (Fig. 3,  C-E) . Overall, the ionomycin-induced K ϩ currents were quite similar to those induced by hypotonic shock.
Rb Efflux Experiments
Effect of hypotonic media. The Rb efflux technique was used to further study the movements of potassium across the apical and the basolateral membranes of gill cells in primary culture. Notably, the existence of a K ϩ conductance activated by exposure to a hypotonic solution led us to study the influence of cell swelling on the polarization (i.e., confined to a specific membrane) of potassium effluxes. Gill cells were grown on permeable supports, and apical and basolateral membrane effluxes were measured after the cells had been loaded with 86 Rb ϩ . Cell swelling was induced by exposure of the monolayer to a hypotonic medium. Figure 4A shows the 86 Rb ϩ efflux rate constant (as a percentage of initial value at time t ϭ 1 min) as a function of time. Under isotonic control conditions, the effluxes of 86 
Rb
ϩ from the monolayer into the apical and the basolateral bathing solutions were identical and independent of time [apical efflux rate constant ϭ 0.33 Ϯ 0.08 ϫ 10 Ϫ2 min Ϫ1 ; basolateral efflux rate constant ϭ 0.47 Ϯ 0.14 ϫ 10 Ϫ2 min Ϫ1 , n ϭ 4 (not significant, NS)]. The exposure of monolayers to a hypotonic medium led to an increase in 86 Rb ϩ loss through both the basolateral and apical membranes. This increase in the rate of 86 Rb ϩ efflux reached a maximum level after 6 min exposure to the hypotonic medium (Fig. 4A) . However, the mean increase in Fig. 1. K ϩ currents induced by a hypotonic shock in the presence of external Na glutamate solution in cultured gill cells in whole cell patch-clamp configuration. Membrane voltage was held at Ϫ20 mM and stepped to test potential values between Ϫ80 to ϩ80 mV in ϩ20-mM increments. Pipette was filled with 300 mosmol/kgH 2 86 Rb ϩ efflux under hypotonic conditions, the effects of K ϩ channel inhibitors were studied. The action of 0.5 mM quinidine is shown in Fig. 4B , where the channel blocker inhibited significantly the action of the hypotonic medium on 86 Rb ϩ effluxes across the basolateral (at time ϭ 16 min: 258 Ϯ 33 vs. 149 Ϯ 10%, n ϭ 4, P Ͻ 0.05) and apical (at time ϭ 16 min: 139 Ϯ 8 vs. 81 Ϯ 6%, n ϭ 4, P Ͻ 0.05) membranes.
Of the inhibitors of K ϩ channels, scorpion venom toxins have been found to be very potent blockers. To determine if crude venom from LQH would inhibit K ϩ conductances, its effect on the 86 Rb ϩ efflux rate was examined. Figure 5A shows that the addition of crude scorpion venom completely blocked 86 Rb ϩ efflux across the basolateral membrane after exposure of cells to a hypotonic medium (at time ϭ 16 min: 261 Ϯ 32 vs. 166 Ϯ 24%, n ϭ 4, P ϭ 0.05) but was without effect on 86 Rb ϩ efflux across the apical membrane (at time ϭ 16 min: 131 Ϯ 8 vs. 142 Ϯ 15%, n ϭ 4, NS).
The effect of Gd 3ϩ , a blocker of stretch-activated channels in a variety of tissues, was also tested on 86 Rb ϩ efflux rates in cultured fish gill cells (Fig. 5B ). The application of 0.1 mM Gd 3ϩ completely inhibited the stimulated efflux across the apical membrane (at time ϭ 16 min: 125 Ϯ 9 vs. 86 Ϯ 2%, n ϭ 4, P Ͻ 0.05) but did not modify significantly efflux rates across the basolateral membrane (at time ϭ 16 min: 257 Ϯ 32 vs. 274 Ϯ 10%, n ϭ 4, NS).
The effect of bumetanide, a blocker of Na
Ϫ cotransporter, was tested on 86 Rb ϩ efflux rates stimulated by hypotonic shock. Figure 6A shows that 0.1 mM bumetanide had no significant effect on 86 
ϩ effluxes from basolateral membrane (at time ϭ 16 min: 257 Ϯ 32 vs. 243 Ϯ 10%, n ϭ 4, NS) but induced a slight increase of 86 Rb ϩ effluxes from apical membrane (at time ϭ 16 min: 125 Ϯ 9 vs. 167 Ϯ 6%, n ϭ 4, P Ͻ 0.05).
To study the possible interaction between K ϩ fluxes activated by exposure to a hypotonic medium and Cl Ϫ fluxes, the effect of the Cl Ϫ channel blocker NPPB was tested. Figure 6B shows by the hypotonic medium was completely prevented by 0.1 mM NPPB in both apical (at time ϭ 16 min: 134 Ϯ 19 vs. 81 Ϯ 13%, n ϭ 4, P Ͻ 0.05) and basolateral (at time ϭ 16 min: 255 Ϯ 37 vs. 94 Ϯ 5%, n ϭ 4, P Ͻ 0.05) membranes.
Effect of calcium.
The results obtained with whole cell patch-clamp technique clearly showed that hypotonicity was able to activate Ca 2ϩ -dependent K ϩ currents. To test whether this activation was due to a release of Ca 2ϩ from internal stores, monolayers were preincubated with thapsigargin for 1 h before their exposure to a hypotonic solution. As illustrated in Fig.  7A , this treatment did not modify the classical stimulation response of 86 Rb efflux induced by hypotonic shock.
The presence of a K ϩ conductance activated by an elevation of cytosolic Ca 2ϩ was also assayed using 86 Rb ϩ efflux measurements. The addition of 1 M ionomycin to the control solution caused an increase in basolateral membrane 86 Rb ϩ efflux (at time ϭ 16 min: 59 Ϯ 11%, n ϭ 4, vs. 126 Ϯ 22%, n ϭ 6, P Ͻ 0.05) but did not modify apical membrane efflux (at time ϭ 16 min: 70 Ϯ 8%, n ϭ 4, vs. 76 Ϯ 14%, n ϭ 6, NS) (Fig. 7B) .
Effect of an asymmetric hypotonic shock. In its natural environment, the fish gill epithelium forms a barrier between two compartments containing radically different concentrations of ionic species. It was therefore of interest to perform experiments in which just the apical or the basolateral membrane was exposed to the hypotonic shock. The results of these experiments are summarized in Fig. 8. Control experiments (Fig.  8A) were performed in which both sides of the monolayer were exposed to hypotonic medium. As already described, this exposure led to an increase in 86 Rb ϩ efflux across both basolateral and apical membranes. Surprisingly, applying the hypotonic shock to the apical compartment only did not elicit apical or basolateral 86 Rb ϩ effluxes (Fig. 8B) . In contrast, application of the hypotonic shock to the basolateral side induced the classical increase in both apical and basolateral 86 Rb ϩ effluxes (Fig. 8C) .
I Ϫ Efflux Experiments
Iodide efflux experiments were then carried out to study the role of hypotonic shock on chloride effluxes. (Fig. 9B) . On the other hand, the addition of 0.5 mM quinidine was without significant effect on basolateral 125 I Ϫ effluxes elicited by exposure to the hypotonic solution (at time ϭ 16 min: 156 Ϯ 11 vs. 124 Ϯ 5%, n ϭ 4, NS) (Fig. 9C) .
DISCUSSION
In the companion paper (9) we demonstrated the existence of stretch-activated K ϩ channels in the apical membrane of gill cells in primary culture. This channel was also activated by hypotonic shock, suggesting that Rb efflux across apical membrane (n ϭ 4); ᮀ, % 86 Rb efflux across basolateral membrane (n ϭ 4). Cells were exposed to hypotonic solution plus 500 M quinidine: F,% 86 Rb efflux across apical membrane (n ϭ 4); s, % 86 Rb efflux across basolateral membrane (n ϭ 4).
it could be implicated in cell volume regulation. In this study, we further investigated the issue of K ϩ ion movements in gill cells in primary culture during exposure to hypotonic media.
The results obtained in whole cell configuration demonstrate that cell swelling was responsible for the activation of a K ϩ conductance in cultured gill cells. To characterize more precisely this Kϩ conductance activated by hypotonic shock, specific K ϩ channel inhibitors were used. This conductance was completely blocked by quinidine and strongly reduced by charybdotoxin. This toxin, contained in LQH scorpion venom, is known to inhibit the activation of high-conductance Ca 2ϩ -activated K ϩ channels (34) . This observation led to discrimination between two K ϩ components activated by hypotonic shock: one major, charybdotoxin sensitive and the other minor, charybdotoxin insensitive.
To identify the nature of the charybdotoxin-sensitive component, whole cell experiments were performed without any hypotonic shock and in the presence of a calcium ionophore. The results show that ionomycin mimicked the action of hypotonicity by eliciting the development of K ϩ currents whose characteristics were very similar to swelling-activated K ϩ conductances. Fig. 7 . A: effect of thapsigargin on 86 Rb effluxes stimulated by exposure to hypotonic solutions. Cells were exposed to L15 solution (control condition without hypotonic shock): F, % 86 Rb efflux across the apical membrane (n ϭ 4); s, % 86 Rb efflux across basolateral membrane (n ϭ 4). Cells were exposed to hypotonic solution plus 0.1 M thapsigargin added 1 h before the experiment: E, % 86 Rb efflux across apical membrane (n ϭ 4); ᮀ, % 86 Rb efflux across basolateral membrane (n ϭ 4). B: effect of ionomycin on 86 Rb effluxes. Cells were exposed to L15 solution (control condition without hypotonic shock): F, % 86 Rb efflux across the apical membrane (n ϭ 4); ᮀ, % 86 Rb efflux across basolateral membrane (n ϭ 4). Cells were exposed to L15 solution plus 1 M of ionomycin: E, % 86 Rb efflux across apical membrane (n ϭ 6); ᮀ, % 86 Rb efflux across basolateral membrane (n ϭ 6). Moreover, the total ionomycin-stimulated K ϩ current was fully blocked by charybdotoxin. Taken together, these results suggest that hypotonicity was able to activate Ca 2ϩ -sensitive K ϩ currents. A swelling-induced increase in K ϩ conductance has already been reported for a number of cell types (5, 15, 19, 24, 31) . Nevertheless, the nature of K ϩ channels implicated in this phenomenon is still under discussion and could depend on the type of tissue involved. The K ϩ channels implicated in the regulatory volume decrease (RVD) after a hypotonic shock in a variety of cells including epithelial cells, are Ca 2ϩ -sensitive K ϩ channels, or BK channels to be more specific. These channels are activated by a rise in cytosolic Ca 2ϩ elicited by cell swelling (12, 24, 27, 28, 33) . In contrast, the swelling-activated K ϩ conductance in other cell types such as Ehrlich cells (18), hepatocytes (29) , lymphocytes (16, 17) , or cerebellar granule neurons (30) , has been shown to be Ca 2ϩ independent. Conflicting data have also been reported for fish epithelia, with studies on the proximal renal tubule resulting in opposite conclusions concerning the role of Ca 2ϩ in controlling K ϩ movements induced by hypotonicity (21, 35) . Different types of K ϩ channels have, however, been described in other fish epithelia (25) . Notably, in teleost intestinal epithelium, a voltage-dependent Ca 2ϩ -activated K ϩ channel has been described (25) , while basolateral K ϩ channels were detected in shark rectal gland tubules (13, 14) . To the best of our knowledge, however, the role of these channels during hypotonic shock has not yet been addressed.
Concerning the origin of the increase of Ca 2ϩ leading to BK channel stimulation, two main mechanisms are classically reported in the literature: an influx of external Ca 2ϩ through stretch-activated cation channels (8) and/or Ca 2ϩ release from internal Ca 2ϩ stores (see Ref. 18 for review) . In the present study, we found that the activation of swelling-induced or ionomycin-sensitive K ϩ conductances took place in the presence of high concentrations of EGTA in the pipette solution. Moreover, removal of extracellular Ca 2ϩ strongly impaired the efficacy of the hypotonic shock (data not shown). However, as this action was irreversible and the gill cell function declined rapidly, we were unable to study further the role of external calcium in these experiments. In any case, these results demonstrate that gill cell K ϩ conductance during swelling is probably not due to the release of Ca 2ϩ from internal stores. We could therefore reasonably postulate that a Ca 2ϩ influx could participate in activation of K ϩ channels. It remains to be shown how this Ca 2ϩ influx can increase the cytosolic concentration of Ca 2ϩ in the presence of a high concentration of EGTA. The observations of Evans and Marty (11) do, however, shed light on this problem by indicating that with EGTA as a buffer, a whole region of the cell could escape control by this Ca 2ϩ buffer. Because this region could extend to a large part of the plasma membrane (11), a local transient increase in Ca 2ϩ could stimulate BK channel activity. In whole cell configuration, the second minor component was charybdotoxin insensitive. These observations indicate that BK or other Ca 2ϩ -sensitive channels are probably not the only K ϩ channels implicated in the volume-activated K ϩ conductance observed here. This minor charybdotoxin and Ca 2ϩ -insensitive component should correspond to the stretch-activated K ϩ channel characterized in the companion paper (9) . This channel found on the apical membrane of gill cells in primary culture was not permeable to Ca 2ϩ and could not be responsible for the Ca 2ϩ influx required during cell swelling.
To obtain further information on K ϩ conductances in both the apical and basolateral membranes, 86 Rb ϩ efflux experiments were performed on gill-cell monolayers grown on permeable filters. In various epithelial cells (1, 20) , 86 Rb ϩ has been shown to be a good indicator for K ϩ movement. Moreover, the substitution of KCl by RbCl in gill cells did not change the whole cell currents induced by the hypotonic shock (data not given). Hence, 86 Rb ϩ would seem to be an appropriate substitute for K ϩ . The present work shows that stimulated 86 Rb ϩ effluxes were inhibited by known K ϩ channel blockers, indicating that effluxes measured under these conditions were therefore due to the transport of Rb ϩ through K ϩ channels. The present study shows that exposure of gill cells in primary culture to a hypotonic shock increased 86 Rb ϩ efflux through both the apical and basolateral membranes. The pharmacology of these effluxes was investigated by adding to the bathing media known blockers of potassium conductances in epithelial cells. Of these, quinidine was an effective blocker of both apical and basolateral membrane 86 Rb ϩ fluxes. Its action, reported for a wide variety of tissues, is not specific to a given type of K ϩ channel. However, crude scorpion venom (LQH), strongly inhibited the hypotonicitystimulated efflux across the basolateral membrane but did not affect the apical efflux. These results clearly demonstrated that the K ϩ efflux takes place through different types of channels in both membranes. This is confirmed by the observation that gadolinium only blocked the apical 86 Rb ϩ efflux without modifying the basolateral efflux. Because the action of crude venom on K ϩ channels is probably due to charybdotoxin (34), the basolateral K ϩ conductance activated by cell swelling could be mainly due to an increased BK channel activity.
To further emphasize the results of these experiments, efflux measurements made in the presence of ionomycin also demonstrated that 86 Rb ϩ efflux increased through the basolateral membrane only, confirming the presence of Ca 2ϩ -sensitive K ϩ channels in this membrane. These observations strengthen the data obtained with the whole cell patch-clamp technique. Although it is reasonable to conclude that the increase in basolateral conductance during osmotic shock was mediated by BK channels, it is necessary to appreciate that this type of channel is not the only Ca 2ϩ -sensitive K ϩ channel blocked by charybdotoxin. In fact, McCann et al. (27, 28) demonstrated the existence of a low-conductance inwardly rectifying basolateral K ϩ channel in airway epithelium. This channel was inhibited by charybdotoxin and was activated by the cAMP-induced release of intracellular Ca 2ϩ . However, this type of channel is probably not implicated in the whole cell conductances or 86 Rb ϩ effluxes examined in the present study because the K ϩ currents were outwardly rectifying and insensitive to cAMP (data not given). 125 I (10 Ci/ml, 4-5 h), washed, and placed first in L15 solution (350 mosmol/kgH 2 O) with a change of apical and basolateral medium every 2 min. Cells were exposed to L15 solution (control condition): F, % 125 I efflux across the apical membrane (n ϭ 4); s, % 125 I efflux across basolateral membrane (n ϭ 4). Cells were exposed to hypotonic solution (hypotonic shock condition, 245 mosmol/ kgH 2 O): E, % 125 I efflux across apical membrane (n ϭ 4) ; ᮀ, % 125 I efflux across basolateral membrane (n ϭ 4). B: effect of NPPB on 125 I effluxes stimulated by exposure to hypotonic solutions. Cells were exposed to hypotonic solution (hypotonic shock condition, 245 mosmol/kgH 2 O): F, % 125 I efflux across apical membrane (n ϭ 4); s, % 125 I efflux across basolateral membrane (n ϭ 4). Cells were exposed to hypotonic solution plus 0.1 mM of NPPB: E, % 125 I efflux across apical membrane (n ϭ 4); ᮀ, % 125 I efflux across basolateral membrane (n ϭ 4). C: effect of quinidine on the 125 I effluxes stimulated by exposure to hypotonic solutions. Cells were exposed to hypotonic solution (hypotonic shock condition, 245 mosmol/kgH 2 O): F, % 125 I efflux across apical membrane (n ϭ 4); s, % 125 I efflux across basolateral membrane (n ϭ 4). Cells were exposed to hypotonic solution plus 500 M of quinidine: E, % 125 I efflux across apical membrane (n ϭ 4); ᮀ, % 125 I efflux across basolateral membrane (n ϭ 4).
At the apical level, the action of gadolinium suggests that the stimulated K ϩ efflux occurred through stretch-activated channels. In the companion paper (9), we demonstrated the presence of stretch-activated K ϩ channels in the apical membrane of cultured gill cells, which were blocked by gadolinium and sensitive to changes in osmolarity. Such channels could therefore be involved in the increased apical K ϩ efflux that takes place as a result of cell swelling.
The experiments carried out in the presence of thapsigargin demonstrated that 86 Rb ϩ effluxes through both apical and basolateral membranes were insensitive to Ca 2ϩ released from internal stores. Thus, as discussed for whole cell experiments, it now seems clear that the response to hypotonic shock was mediated moreover by an influx of external Ca 2ϩ . In a previous study (3) , the presence of an Na
Ϫ cotransporter was found in the basolateral membrane of gill cells in primary culture. To investigate the putative role of this transporter in the K ϩ flux measured here, we tested the effect of bumetanide on 86 Rb ϩ efflux rates elicited by exposure of cells to hypotonic solutions. The absence of effect observed on the basolateral side shows that it is inconsistent that the Na
Ϫ cotransporter provides the primary basolateral K ϩ efflux pathway. The slight stimulation effect observed on the apical side is paradoxical and still unclear.
In many cells, swelling induced by exposure to hypotonic solutions is followed by RVD, which is mediated by KCl loss via K ϩ and Cl Ϫ channels (23, 24, 26, 29, 31) . Literature data are less abundant, however, in relation to such properties in fish epithelia. Nevertheless, in proximal renal tubules from Salmo trutta or Carassius auratus (21, 22) , RVD after hypotonic swelling appears to be the result of K ϩ efflux through quinidine-sensitive K ϩ channels and to increased Cl Ϫ conductance. The observation that the Cl Ϫ channel blocker NPPB was a potent inhibitor of swelling-activated 86 Rb ϩ efflux in gill cells in primary culture suggests a relationship between swelling-induced K ϩ and Cl Ϫ channels in cultured gill cells. The first experiments that we performed to characterize anion movements during osmotic challenge indicated that Cl Ϫ effluxes also increased during the hypotonic shock. This efflux occurred via a conductive pathway because it was blocked by NPPB. Interestingly, this basolateral 125 I Ϫ efflux was not modified by quinidine. To undergo the process of RVD, it is possible that a swelling-sensitive Cl Ϫ efflux drives the K ϩ efflux by depolarizing the cell membrane.
The effect of exposure of cells to a hypotonic shock is not symmetrical in cultured gill cells. The activation of 86 
Rb
ϩ effluxes occurred only when the shock was applied to the basolateral surface of the epithelium. Therefore, it could be hypothesized that the apical membrane is impermeable to water, whereas the basolateral membrane is permeable.
In conclusion, the present study shows that gill cells in primary culture present at least two distinct K ϩ conductances activated by hypotonic shock. One of them, a charybdotoxin-sensitive conductance is located in the basolateral membrane and shares its characteristics with calcium-sensitive BK ϩ channels. A second conductance, present in the apical membrane only, is blocked by gadolinium and could be due to the activation of a large conductance stretch-sensitive K ϩ channel. These two conductances seem to be involved in volume regulation phenomena after hypotonic shock in conjunction with a hypotonicity-sensitive Cl Ϫ conductance located in the basolateral membrane.
Perspectives
It is not known whether these characteristics of respiratory gill cells in vitro are also present in vivo. If this is the case, the osmotic permeability of the external face of the gill tissue is low. Dicentrarchus labrax can become perfectly adapted to freshwater (6) and can even survive a direct transfer to freshwater containing just 10% seawater (7) . Under more physiological conditions, this euryhaline seawater fish can spend prolonged periods of time in estuarine seawater because the resulting hypotonic shock could remain without direct effect on gill cell osmolarity. Concurrently, the passage of such fish to estuarine seawater could reduce their internal osmotic pressure, thereby inducing a hypotonic shock. Consistent with this idea, Avella et al. (4) observed that in the coho salmon, plasma osmolality was acutely decreased by the transfer of seawateracclimated fish into freshwater. Consequently, the loss of osmolytes across both apical and basolateral membranes could induce the RVD process to avoid drastic changes in intracellular electrolyte levels in the gill cells.
It remains to be shown that gill cells are able to undergo the RVD process in response to hyposmotic shock and the related implication of Cl Ϫ conductance possibly driving the K ϩ efflux under this condition.
